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© Electric vehicle control system. 



© An electric vehicle control system for driving a 
battery powered motor with use of power inverters. 
First and second inverters are connected with the 
respective three-phase primary windings of an in- 
duction motor. If one of the inverters fails, failure 
detection circuits detect it, and a control unit stops 



the failed inverter and allows the other normal in- 
verter to drive the induction motor to move the 
electric vehicle. Driving the single motor with a plu- 
rality of power inverters allows the electric vehicle to 
move and run even if one of the power inverters 
fails. 
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BACKGROUND OF THE INVENTION 

The present invention relates to battery driven 
electric vehicle control system. More particularly, 
this invention provides a highly reliable electric 
vehicle control system driven by a simple arrange- 
ment. 

Battery driven electric vehicle control systems 
have been described in the past, including the 
methods in the Japanese Laid-Open Patents 3- 
251002 and 2-133005. The former method in the 
Japanese Laid-Open Patent 3-251002 uses a sim- 
ple drive system to drive a vehicle in which a 
single inverter controls a single motor. The latter 
method in the japanese Laid-Open Patent 2-133005 
provides an optimized drive force for each of a 
plurality of motors to make the vehicle operate 
highly efficiently, thereby increasing its running dis- 
tance per charge. 

Methods for driving an ac motor with a plurality 
of power converters are also known, including, for 
example, the methods disclosed in the Japanese 
Laid-Open Patents 63-323589, 63-305792. These 
methods for driving a plurality of windings of an ac 
motor, with respective power converters, are suit- 
able for high capacity. 

Each of these prior art devices, however, suf- 
fers from at least one particular disadvantage. In 
the first prior art control mentioned above, if there 
is a failure in the power converter for driving the 
motor, the motor cannot be driven, and hence the 
vehicle cannot be run. 

The second prior art device can drive the ve- 
hicle even if one power converter fails, as it has the 
same number of power converters as it has motors. 
However, the requirement for multiple motors com- 
plicates the drive system for the electric vehicle. 

The third and fourth prior art devices provide a 
plurality of power converters. However, these pat- 
ent documents do not consider which one or how 
many power converters are used for driving. 

In view of the foregoing, a first object of the 
present invention is to provide a simple electric 
vehicle control system, for optimal control of a 
plurality of power converters, depending on the 
drive state of the electric vehicle. 

A second object of the present invention is to 
provide an electric vehicle that can run safely, even 
if any one of the power converters fails. 

A third object of the present invention is to 
provide an electric vehicle control which is efficient 
and highly reliable, with a longer service life. 

SUMMARY OF THE INVENTION 

Briefly, the foregoing objects are accomplished 
by the electric vehicle control system according to 
the invention, which has a motor for driving a 



vehicle, a battery for storing drive energy for the 
vehicle, a plurality of power converters for convert- 
ing a voltage of the battery to supply power to the 
motor, and a control unit for controlling the plurality 

5 of power converters. According to the invention, the 
motor is driven by at least one of the plurality of 
power converters, and the control unit controls the 
operating state of the power converters based on 
the drive state of the vehicle. If a failure is detected 

/o in one or more (but not all) of the power convert- 
ers, only the power converters other than the failed 
one(s) are used to drive the motor, and the control 
apparatus controls a maximum speed of the ve- 
hicle or a maximum torque thereof. 

75 In another embodiment of the invention, the 

number of driving power converters is varied based 
on an output torque of the motor or a speed 
thereof. 

The control unit outputs a torque command 

20 based on an accelerator pedal position and a brake 
pedal position of the vehicle. For the torque com- 
mand, the control unit determines a power com- 
mand for output from each of the power converters. 
The power command controls each power con- 

25 verter, which in turn supplies necessary power to 
the motor. In the ordinary condition, the control unit 
determines the optimum number of the power con- 
verters to be driven (depending on the output 
torque command and the motor speed), and ac- 

30 tivates the necessary number of the power convert- 
ers, stopping the other power converter(s). This 
arrangement always allows driving at a high effi- 
ciency within an optimum capacity range of the 
power converter, without decreasing the efficiency 

35 of the power converter, even if the output torque 
command and the motor speed are lowered. That 
is, the vehicle's running distance per charge can 
be increased. 

If the control unit determines that one or more 

40 (but not all) of the power converters has failed, the 
control unit turns off the failed power converter(s); 
thus, stopping the power supply to that converter, 
and allowing only the other normal power convert- 
ers to supply power to the motor to generate the 

45 rotating field. The rotating field can thus drive the 
motor to run the vehicle. 

Other objects, advantages and novel features 
of the present invention will become apparent from 
the following detailed description of the invention 

so when considered in conjunction with the accom- 
panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

55 Figure 1 is a schematic diagram of an embodi- 
ment of the present invention in which an induc- 
tion motor having two three-phase windings 
drives an electric vehicle. 
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Figure 2 is a flow chart for the process per- 
formed by the torque distribution section in Fig- 
ure 1; 

Figure 3 is a circuit diagram illustrating the 
connection of the two three-phase windings of 5 
the induction motor with two inverters in Figure 
1. 

Figure 4 is a schematic diagram for another 
embodiment of the present invention in which 
the induction motor has a single three-phase w 
winding to drive the electric vehicle; 
Figure 5 is a flow chart for the process per- 
formed by the torque distribution section in Fig- 
ure 4; 

Figure 6 is a flow chart which shows another 75 

embodiment of the process performed by the 

torque distribution section in Figure 4; 

Figure 7 is a schematic diagram for still another 

embodiment of the present invention having 

temperature sensors for detecting the inverter 20 

temperatures; 

Figure 8 is a flow chart showing the process 
performed by the torque distribution process 
section, using the temperature sensors in Figure 
7; 25 
Figure 9 is a flow chart for the process per- 
formed by the inverter sharing control in Figure 
8; 

Figure 10 is a characteristic graph for two di- 
vided areas of the motor torque available with 30 
respect to the motor speed in Figure 9; 
Figure 11 is a schematic diagram for still an- 
other embodiment of the present invention hav- 
ing a torque detector; 

Figure 12 is a flow chart for the process per- 35 
formed by the torque distribution process sec- 
tion using a torque detector in Figure 1 1 ; 
Figure 13 is a schematic diagram of still another 
embodiment of the present invention having 
three inverter units used therein; 40 
Figure 14 is a circuit diagram for the inverter 
unit in Figure 13; 

Figure 15 is a flow chart for the inverter sharing 
control in Figure 13; 

Figure 16 is a characteristic graph of three di- 45 
vided areas of the motor torque command with 
respect to the motor speed in Figure 13; 
Figure 17 is a schematic diagram for still an- 
other embodiment of the present invention in 
which an induction motor with three electrically 50 
independent phase windings drives the electric 
vehicle; 

Figure 18 is a circuit diagram which illustrates 
the connection of the induction motor with the 
three single-phase inverters in Figure 17; 55 
Figure 19 is a circuit diagram of still another 
embodiment of the present invention, having 
different battery connections with a single-phase 



main circuit; 

Figure 20 is a schematic diagram for still an- 
other embodiment of the present invention in 
which a neutral point of the primary winding of 
the induction motor is connected with a voltage 
center of the battery; and 
Figure 21 is a circuit diagram illustrating con- 
nections of the switching circuit in Figure 20. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Referring now to Figure 1 there is shown a 
schematic diagram for an embodiment of the in- 
vention in which an induction motor 3 having two 
three-phase windings drives front wheels 2a and 2b 
of an electric vehicle 1 . The front wheels 2a and 2b 
are connected with the induction motor 3 through 
the differential gears 4. 

Each of the two three-phase windings of the 
induction motor 3 (described later) is connected 
through respective first and second DC-AC invert- 
ers 5 and 6. The first and second inverters 5 and 6 
are controlled in a manner that is known, per se, by 
pulse width modulated pulses P ur , Pvi. and P W i 
and P u2 , P V 2. and P W 2 respectively, from a control 
unit 7, to convert d.c. power from battery 8 to a.c. 
before it is supplied to the induction motor 3. The 
control unit 7, which may be in the form of a 
microprocessor, for example, receives an accelera- 
tor pedal position signal X a and a brake pedal 
position signal X b from acceleration pedal 9 and 
brake pedal 10, which are manipulated by a driver. 
In addition, the control unit 7 also receives a mode 
signal M D , a motor speed *> M , currents i utl i vi , and 
iwi from the first inverter 5 and currents i v2 , i^, and 
i W 2 from the second inverter 6. When the control 
unit 7 is a conventional microprocessor, the sensor 
output signals X a and X b , M D ,W M and currents i ur 
i W 2 are first digitized in any conventional manner. 
Alternatively, the control unit 7 may also be imple- 
mented in the form of analog components in a 
manner which will be readily understood by those 
skilled in the art of vector control of induction 
motors, such as discussed in U.S. Patent Nos. 
4,455,522 and 4,862,343. 

The mode signal is provided from a drive 
mode lever 1 1 manipulated by the driver to direct 
the electric vehicle 1 forward, backward, or parking, 
while the motor speed oj m is detected by a motor 
speed detector 12. The output currents i u1t i V i and 
iwi of the first inverter 5 and the output currents iu2. 
iv2. and iw2 of the second inverter 6 are detected 
by respective current detectors 13a, 13b, 13c, 13d, 
13e, and 13f. The first and second inverters also 
output inverter failure signals Si and S 2 to the 
control unit 7. 

The control unit 7 comprises a torque com- 
mand generation section 14, a torque distribution 
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process section 15, a first torque control section 
16, and a second torque control section 17. The 
torque command generation section 14 outputs a 
motor torque command t r based on the accelera- 
tor pedal position X a and the brake pedal position 
X bl the mode signal M 0 , and the motor speed cj m . 

The operation of the torque distribution process 
section 15 is shown in the flow chart of Figure 2. 
First, the motor torque command t r and the in- 
verter failure signals Si and S2 are entered in step 
101. (The inverter failure signals Si and S2 are fed 
out during a failure of the inverters, and continue 
until the inverters are recovered from the failures.) 
In step 102, a determination is made based on the 
inverter failure signal Si whether the inverter 5 is 
normal or has failed, and in steps 103 or 104 the 
same determination is made for inverter 6, based 
on signal S2. If the inverters are all normal, pro- 
cessing goes to step 105, and the total torque 
called for by the torque command t r is divided 
equally between the two torque commands t r1 and 
t R2 for the first and second inverters respectively. 
That is, r R1 and r R2 are set equal to each other, at 
a level such that their total equals t r . If only the 
second inverter 6 is judged to have failed from the 
inverter failure signal S2, processing goes to step 
106, the first torque command r R1 is set to the 
value of the motor torque command r R andthe 
second torque command t R2 is set to 0 to stop the 
second inverter 6. If only the first inverter 5 is 
judged to have failed from the inverter failure signal 
Si, on the other hand, step 107 sets the first torque 
command t r1 to 0 and the second torque com- 
mand to t R2 to the value of the motor torque 
command r R to stop the first inverter 5. If both of 
the inverters are determined to have failed, the first 
and second torque commands t R i and r R2 are both 
set to 0 to stop the two inverters. Thus, the failure 
of one inverter, which would otherwise adversely 
affect the motion of the electric vehicle, can be 
instantaneously compensated by turning off the 
failed inverter, since the other inverter can generate 
the necessary torque. In this manner, the electric 
vehicle can be kept safe, without sudden accelera- 
tion or sudden deceleration, even upon failure of 
any inverter. 

The first and second torque commands t r1 and 
r R2 obtained above are entered to the first torque 
control section 16 and the second torque control 
section 17, respectively. The first torque control 
section 16 performs vector control calculation using 
the first torque command r R1 and the motor speed 
w M to generate current command ium, iviR, *wir, for 
the respective phases U, V, and W for the first 
inventor. The current Command it" shown in U.S. 
Patent No. 4,862,343, is proportional to the torque 
command, and accordingly, the current commands 
iuiR. iviR, iwiR. can be obtained in the same manner 



as described therein. 

The currents i u1( i V i, iwi. for the respective 
phases U, V and W of the invertor 5 are fed back 
into the first torque control section 16, and the 

5 current commands for respective phases, iyiR, iviR. 
i w1R , are compared with each of the currents, iui, 
ivi. iwi. for each corresponding phase to generate 
current deviations for each phase, Aiui, Ai vll Ai w1 . 
Using the above described current deviations, Aiui, 

70 Ai V i, Ai W i as input data, proportional calculation or 
proportional integration is performed to obtain volt- 
age commands for respective phase. 

A calculation for generating PWM signals so 
that average voltages for each phase in the invertor 

75 5 coincide with the voltage commands for each 
phase is performed in the manner described in the 
prior art, U.S. Patent No. 4,862,343, and PWM 
pulses Pui. Pvi, and P W i, are entered to the first 
invertor 5. The operation of the second torque 

20 control section 17 and the inverter 6 are exactly 
analogous. 

Figure 3 shows the connection of the first and 
second inverters 5 and 6 with the induction motor 
3. The first inverter 5 includes a three-phase in- 

25 verier main circuit 18 having six power devices, 
pulse distribution circuits 20a, 20b, and 20c, and a 
failure detector circuit 22. Similarly, the second 
inverter 6 is made up of a three-phase inverter 
main circuit 19 having six power devices, pulse 

30 distribution circuits 21a, 21b, and 21c, and a failure 
detector circuit 23. The induction motor 3 is made 
up of two three-phase primary (stator) windings 24 
and 25, and a secondary (rotor) winding 26. The 
first inverter 5 operates as follows. The PWM 

35 pulses P ulp P V i, and P W i from the control unit 7 are 
entered to the respective pulse distribution circuits 
20a, 20b, and 20c (which may be, for, for example 
bistable multivibrators, or "flip-flops), which activate 
the two power devices of each phase. The two 

40 power devices feed out two PWM pulses in non- 
lapping intervals. The two PWM pulses activate the 
three-phase inverter main circuit 18, which converts 
the voltage of the battery 8 to three-phase ac 
voltage, which is applied to the three-phase wind- 

45 ing 24 of the induction motor 3. 

It is essential that either the first inverter 5 or 
the second inverter 6, operating alone, can induce 
a rotating field in the secondary winding 26 of the 
induction motor 3. Thus, the rotor of the induction 

50 motor 3 can be driven by controlling either of the 
inverters 5 and 6. 

The following describes the operation of Figure 
3 if any one of the power devices of the three- 
phase inverter main circuit 18 fails. The pulse dis- 
ss tribution circuits 20a, 20b, and 20c for distributing 
the pulses to the power devices in the inverter 
main circuit 18 can detect such failure by compar- 
ing the voltage across the power devices (transis- 
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tors) of inverter main circuit 18 with predetermined 
reference voltages. When any of such voltages 
exceeds the reference value, the associated pulse 
distribution circuit provides a power device failure 
signal to the failure detection circuit 22, which in 
turn outputs the inverter failure signal Si to the 
control unit 7 causing the first inverter 5 to stop 
supplying power to the three-phase winding 24. 
Since the second inverter 6 is normal, however, 
power continues to be supplied to the primary 
winding 25, which can generate the rotating field. 
Thus, even if the first inverter 5 cannot be op- 
erated, the induction motor 3 can still be driven, 
thereby enabling the electric vehicle 1 to continue 
to operate. Similarly, if the second inverter 6 fails 
the first inverter 5 alone can keep the electric 
vehicle 1 running. 

The electric vehicle control system in the 
above embodiment of the present invention has the 
advantage that it can be used in an electric vehicle 
having only one motor. The embodiment, therefore, 
can provide a low-cost electric vehicle that can be 
run safely even if one inverter fails. Since the one 
failed inverter (which might otherwise adversely 
affect the motion of the electric vehicle) can be 
turned off instantaneously, the electric vehicle can 
keep running safely without sudden acceleration or 
sudden deceleration, despite the inverter failure. 

Figure 4 is a schematic diagram for another 
embodiment of the present invention in which the 
induction motor 3 has a single three-phase winding. 
The following describes only the parts in Figure 4 
which differ from those in Figure 1. The induction 
motor 3 is an ordinary type having one three-phase 
primary winding, and the outputs of the first and 
second inverters 5 and 6 are connected via reac- 
tors 27 and 28. The output terminals of the reactors 
27 and 28 are connected with the respective phase 
terminals of the induction motor 3. Connected in 
this manner, the reactors 27 and 28 suppress the 
currents so that either of the inverters can drive the 
induction motor 3, without flowing of a short-circuit 
current through the first inverter 5 and the second 
inverter 6. The motor therefore can be driven even 
if one inverter fails. Accordingly, the system in 
Figure 4 can be accomplished at a lower cost by 
using a conventional general-purpose motor. 

The control unit 7 in Figure 4 differs from the 
one in Figure 1 in that the torque distribution pro- 
cess section 1 5 receives the motor speed u> M as an 
additional input, and outputs an indication signal 
S P . The operation of the torque distribution process 
section 15 of Figure 4 is shown in Figure 5. First, in 
step 111 the motor torque command t r , the in- 
verter failure signals Si and S2, and the motor 
speed <d m are entered. In step 112, a determination 
is made whether the inverter failure signals Si and 
S2 are normal or indicate failure. If all are normal, 



step 113 sets the first and second torque com- 
mands tri and t R 2 as equal halves of the motor 
torque command r R , respectively. If there is a 
failure, step 114 checks whether the two inverters 

5 are both failed, and if so, step 115 sets both the 
first and second torque commands t r1 and t R2 to 0 
to stop the two inverters. These processes thus far 
are similar to those in Figure 2. If only one of the 
two inverters has failed, additional processing steps 

10 116 to 125 are performed as follows. Steps 116 
and 117 provide limits on the maximum torque 
7 max and the maximum speed w MAX of the induc- 
tion motor 3, which limits are lower than the or- 
dinary rated values. Next step 118 compares the 

75 current motor speed w M with the maximum speed 
wmax; if the current motor speed co M is greater than 
the maximum speed w MAX processing goes to step 
119, in which a torque limit value t l is set to 0, so 
that the motor cannot generate torque until the 

20 motor speed oj m is slowed down to a safe stopping 
speed. (Alternatively t l can be set to a negative 
figure, equivalent to engine braking.) If the motor 
speed cd M is lower than the maximum speed <*> MA x, 
the motor can be stopped easily and safely at any 

25 time. Step 120 then compares the motor torque 
command t r generated by the torque command 
generation section 14 with the maximum torque 
tmax- If tr exceeds t max , in step 121 the torque 
limit value t l is set equal to the maximum torque 

30 t max , thus limiting the torque available from the 
induction motor 3 if any one of the inverters fails. If 
the motor torque command t r is lower than the 
maximum torque r MAX , step 122 sets the torque 
limit value t l to the motor torque command r R . 

35 Step 123 examines the inverter failure signal 

Si to determine which inverter has failed. That is, if 
the inverter failure signal Si is normal, then only 
the second inverter 6 has failed, and step 124 then 
sets the first torque command t r1 to the torque 

40 limit value t l and the second torque command r R2 
to 0, thereby stopping the second inverter 6. If the 
inverter failure signal Si indicates a failure of the 
first inverter 5 at step 123, step 125 sets the first 
torque command t r1 to 0 and the second torque 

45 command t R2 to the torque limit value t L) stopping 
the first inverter 5. If both of the inverter failure 
signals Si and S2 indicate a failure, the next step 
126 outputs a signal S P , which is sent from the 
torque distribution process section 15 to a signaling 

50 unit 29,which alerts the driver to the inverter failure 
by means of an audible or visible alarm signal. The 
driver will then know that the maximum speed of 
the electric vehicle 1 and the maximum torque 
thereof are limited, so that safe driving can be 

55 maintained. 

The embodiment described above (as set forth 
in Figure 5) thus provides the additional safety 
feature that the maximum speed and the maximum 
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torque of the electric vehicle can be automatically 
limited, and a signal provided to the driver, if there 
is an inverter failure. 

Figure 6 shows another embodiment of the 
present invention which differs from one in Figure 5 
by the addition of steps 128 and 129. Step 128 
sets both the maximum torque t max and the maxi- 
mum speed co M ax to 0 if both the inverter failure 
signals Si and S2 indicate failure. If either of the 
inverter failure signals Si or S2 fails, step 129 
signals the inverter failure to the driver and dis- 
plays the maximum torque t max and the maximum 
speed o MAX of the electric vehicle with the indica- 
tion signal SP. With this feature, the driver can also 
know whether the electric vehicle can be driven or 
not, as well as the distance that it can run. The 
driver then can take proper corrective action to 
respond the inverter failure. In other words, this 
embodiment has the advantage that it can help the 
driver to take appropriate action at the time of 
inverter failure, thereby further increasing the safe- 
ty of the electric vehicle. 

Figure 7 is a schematic diagram for still an- 
other embodiment of the present invention having, 
in addition to the elements included in Figure 4, 
first and second temperature sensors 30 and 31, 
which can detect temperatures Ti and T 2 of the 
first and second inverters 5 and 6, respectively. 
The detected temperatures are fed to the torque 
distribution process section 15 of the control unit 7. 

Figure 8 is a flow chart which shows the pro- 
cessing performed by the torque distribution pro- 
cess section 15 in this embodiment. It differs from 
the one in Figure 5 in two respects: First, in step 
130 the temperature T1 and T 2 of the first and 
second inverters 5 and 6 are entered; and second 
if the first and second inverters 5 and 6 are both 
normal, step 131 is performed in place of step 113, 
as shown in more detail in Figure 9. 

In Figure 9, a determination is first made at 
step 132 whether the motor torque command t r is 
more than half of the maximum torque t max . Figure 
10 is a characteristic graph of available motor 
torque versus motor speed, which shows the area 
in which the motor torque command t r is less than 
half of the maximum torque t max , called the first 
area, and where the motor torque command t r is 
more than half of the maximum torque t max , called 
the second area here. If it is determined in step 
132 that the motor toque command r R is greater 
than half of the maximum torque t max , step 133 
sets each of the first torque command r R1 and the 
second torque command t R2 to half of the torque 
signal r R in the same manner as in Figure 5. 
However, if the motor torque command t r is lower 
than half of the maximum torque t max (or in other 
words, is in the first area), step 134 compares the 
temperature Ti of the first inverter 5 with the tem- 



perature T2 of the second inverter 6. If Ti is lower 
than T 2 , then step 135 sets the first torque com- 
mand r Ri to the value of the motor torque com- 
mand t r and the second torque command t R2 to 0 
5 to stop the second inverter 6. If Ti is greater than 
T 2 , then step 136 sets the first torque command 
r R1 to 0 and the second torque command t R2 to the 
motor torque command t r to stop the first inverter 
5. 

10 With the method described in this embodiment, 

when both inverters are operating normally, the 
number of the inverters can be reduced from two 
to one, and the inverter loss at the time of low 
torque driving can be reduced compared with that 
75 of rated torque driving. That is, when one inverter 
is stopped, overall total inverter loss is reduced, 
thereby increasing the efficiency. Because the in- 
verter selected to be stopped is the one of higher 
inverter temperature, the inverter service life can 
20 be prolonged, thus further increasing the reliability 
of the electric vehicle. Since selection of the in- 
verter with the higher temperature would result in a 
higher inverter loss, use of lower inverter loss leads 
to an increase of efficiency. The arrangement in 
25 Figure 7 also permits a reduction by one-half in the 
current capacity of the inverters. 

Figure 11 is still another embodiment of the 
present invention having in addition to the appara- 
tus of Figure 7, a torque detector 32 which detects 
30 the output torque t m of the induction motor 3 and 
provides a corresponding signal to the torque dis- 
tribution process section 15. The operation of the 
torque distribution process section 15 in this em- 
bodiment is shown in Figure 12. It differs from the 
35 embodiment in Figure 8 by the addition of steps 
137 and 138. Step 137, which replaces step 130 in 
Figure 8, has an additional motor torque r M input. 
Step 138, which is added to the process, compares 
the motor torque t m with a predetermined torque 
40 failure detection value, which represents a maxi- 
mum permissible torque output based on the rated 
capacity of the motor. If the motor torque t m is less 
than the torque failure detection value, step 112 
and the following steps are processed as in Figure 
45 8. If, however, the motor torque t m equals or ex- 
ceeds the torque failure detection value, processing 
goes to step 115 to stop the first and second 
inverters. The torque failure detection value is set 
at a level that will not adversely affect the operation 
50 of the electric vehicle 1 for a short time until the 
inverter stops. In general, if an inverter has failed, 
the inverter failure signal Si or S2 stops the in- 
verter so that the motor torque t m will not be 
affected adversely. However, with the arrangement 
55 of Figure 12, even if the inverter failure signal Si or 
S2 is undetected, the motor torque 1 can be limit- 
ed. 
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This embodiment has the advantage that a 
torque cannot be generated to suddenly accelerate 
or decelerate the electric vehicle 1 even if any of 
the inverter failure signals Si and S 2 fails, so that 
safety is further increased. Also, since the method 
provides double protection against a driving failure, 
the reliability of the system is further increased. 

Figure 13 is a schematic diagram for still an- 
other embodiment of the present invention having 
three inverter units 33, 34 and 35 rather than two, 
as in the previous embodiments. In this embodi- 
ment, the control unit 7 comprises the torque com- 
mand generation section 14 and the torque dis- 
tribution process section 15 only, the torque control 
sections having been included in the inverter units 
33, 34 and 35. As shown in Figure 14, the inverter 
unit 33 (which is representative of the other two) is 
made up of a first torque control section 16, a first 
inverter 5, current detectors 13a, 13b, and 13c, a 
reactor 27, and a temperature sensor 30. Features 
of each of these devices are the same as in Figure 
7. Each of the inverter units is connected with 
voltage terminals V B+ and V B - of the battery and 
with three-phase input terminals u, v, and w of the 
induction motor 3, and receives the motor torque 
command and the motor speed <j m as an input. 
Each outputs the inverter failure signal and the 
inverter temperature. With this arrangement, the 
devices needed for torque control are all built into 
the inverter unit. It is thus possible to have an 
additional inverter unit simply by extending the 
torque distribution process section 15. The electric 
vehicle thus can be easily made to have high 
power simply by adding additional \rwjer\er units. 
The operation of such embodiment is essentially 
the same as that shown in Figure 8, which can be 
extended for three inverters in a straight forward 
manner. 

Figure 15 is a flow chart which shows an 
inverter sharing control. In step 139 a determination 
is made as to the operating area (based on the 
torque command t r and motor speed <*> M ) of the 
three phase induction motor 3, according to the 
areas defined in Figure 16. Figure 16 is a graphic 
depiction of the characteristics of the motor torque 
command r R versus motor speed <d m , which shows 
that at higher motor speeds, the area in which 
multiple inverters may be used is increased, as 
compared with Figure 10. In other words, a high 
power is needed for the high speed even at a low 
torque. Use of the multiple of inverters provides the 
advantage that heating of the inverter can be re- 
duced. 

Referring again to Figure 15, in Step 140 pro- 
cessing is routed to step 141, 142 or 143 depend- 
ing on the area. For the first area having a rela- 
tively light load, control goes to step 141; for the 
second area having a higher load, control goes to 



step 1 42; and for the third having the heaviest load, 
control goes to step 143. Step 141 compares the 
detected inverter temperatures Ti, T 2 , and T3 and 
selects the inverter having the lowest temperature, 
5 stopping the other two inverters in order to make 
the inverter temperatures uniform. Step 142, on the 
other hand, stops the inverter of the highest tem- 
perature and controls the torque commands so that 
the load shares of the other inverters can be ad- 

70 justed depending on their temperature difference. 
In step 143 the loads allocated to the respective 
inverters are adjusted by reducing that of the in- 
verter with the highest temperature and increasing 
that of the inverter with the lowest temperature, so 

75 as to bring the temperatures of the three inverters 
into parity, before controlling the respective torque 
commands t r1 , t R2 , and r R3 . These controls can 
thus drive the inverters at the lowest possible tem- 
peratures, which serves to increase their reliability 

20 and tolerance to temperature changes. At a lower 
temperature, the turn-on voltages of the power de- 
vices used in the inverters are also lower, which 
increases the efficiency. Even if the inverters have 
different efficiency for the same load, the inverter 

25 of higher efficiency can be used at a high rate, 
since the inverter of lower temperature has a high- 
er efficiency. 

Figure 17 is still another embodiment of the 
present invention, which differs from the ones in 

30 Figures 1 and 4 in the winding structure of the 
induction motor 3. That is, the induction motor 3 in 
this embodiment has electrically independent 
phase windings U, V, and W as shown in Figure 
18. Each of the windings is excited by one of the 

35 three single-phase inverters 36, 37, and 38, respec- 
tively. The inverters are controlled by a control unit 
7 which is different from that of the embodiments 
described previously. The control unit 7 in Figure 
17 is made up of a torque command generation 

40 section 14, a torque control section 39, a phase U 
current control section 40, a phase V current con- 
trol section 41, and a phase W current control 
section 42. The torque command generation sec- 
tion 14 is same as the one in the embodiment in 

45 Figure 1. 

The system in Figure 17 controls the three 
single-phase inverters 36, 37, and 38 in such a 
manner as to generate a rotating field which can 
control the torque. For this purpose, the torque 

50 control section 39 performs a vector control opera- 
tion for the motor torque command t r to obtain 
current commands i UR , i VR , iwR for three phases of 
the induction motor 3, in the manner described in 
U.S. Patent Nos. 4,455,522 and 4,862,343. On the 

55 basis of the current commands, and the fed back 
phase currents iy, iv and i w from inverters 36, 37 
and 38, the phase U current control section 40, the 
phase V current control section 41, and the phase 
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W current control section 42 provide output PWM 
pulses Pu, Pv. and P w to control the three single- 
phase inverters 36, 37, and 38. 

Figure 18 shows the connection of the induc- 
tion motor 3 with the three single-phase inverters 
36, 37, and 38. The primary windings of the induc- 
tion motor 3 are independent phase windings 43, 
44, and 45, each of which has two terminals. Each 
of the three single-phase inverters 36, 37, and 38 is 
formed of single-phase main bridge circuits 46, 47, 
and 48, pulse distribution circuits 49, 50, 51, and 
failure detection circuits 52, 53, and 54, respec- 
tively. The single-phase main bridge circuits 46, 
47, and 48 are connected with the phase windings 
43, 44, and 45, respectively, so that currents can 
be output to drive the induction motor 3 as com- 
manded by the torque control operation section 39. 
If any one of the power devices of the single-phase 
main circuit 46 fails, the associated failure detec- 
tion circuit 52, 53, or 54 detects the failure and 
outputs an inverter failure signal Si , S2 or S3 to the 
torque control operation section 39. With the in- 
verter failure signal Si, for example, the torque 
control operation section 39 stops the single-phase 
main circuit 46 and causes the other single-phase 
main circuits 47 and 48 to drive the induction 
motor 3 by themselves. Although it cannot reach 
the rated torque, the induction motor 3 can gen- 
erate the rotating field necessary to move the elec- 
tric vehicle 1 . 

This embodiment can move the electric vehicle 
in the event of an inverter failure with use of the 
three current sensors. The embodiment thus has 
the advantage that the system can be arranged to 
provide high reliability at a further reduction in cost. 

Figure 19 shows still another embodiment of 
the present invention having a different battery 
connection arrangement and different single-phase 
main circuits than the embodiment in Figure 18. In 
Figure 19 three batteries 8a, 8b, and 8c are con- 
nected with the respective single-phase main cir- 
cuits 46, 47, and 48. Each of the single-phase main 
circuits 46, 47, and 48 is a bridge circuit formed of 
two power devices and two capacitors. This system 
has the advantage that it uses half the number of 
power devices as compared with the one in Figure 
18, while still permitting the electric vehicle 1 to be 
moved despite a failure of one inverter. In addition, 
the vehicle 1 can be moved even if voltage of one 
battery is decreased. 

Figure 20 is still another embodiment of the 
present invention in which a neutral point of the 
primary winding of the induction motor 3 is used. 
This system differs from the one in Figure 4 in that 
a single-inverter 5 drives the induction motor 3, and 
a switching circuit 55 is inserted between the in- 
verter 5 and the induction motor 3. The switching 
circuit 55 is controlled by switch-on signals S S o. 



S S u. S sv , and S S w from the torque control section 
16. Since driving is controlled by the single in- 
verter, the control unit 7 has no torque distribution 
process section 15. The torque control section 16 
5 receives phase failure signals S Ut S Vl and S w for 
phases U, V, and W of the inverter input, from the 
inverter 5. 

Figure 21 shows the connection of the inverter 
5, the switching circuit 55, and the induction motor 

70 3. The neutral point of the primary winding of the 
induction motor 3 can be connected via a switch 
with a connection of two serial capacitors con- 
nected across the battery, in response to the 
switch on-off signal S S o- In ordinary operation, the 

75 signals Su, S v , and S w are turned on and the signal 
S S o is turned off, so that control is effected in the 
same manner as without the neutral point of the 
primary winding of the induction motor 3. (The 
signal S S o is normally turned off, as a zero-phase 

20 current can flow from the neutral point of the pri- 
mary winding of the induction motor 3 with it 
turned on.) 

If the power device corresponding to the phase 
U fails, the torque control section 16 receives 

25 phase failure signal Su to turn off the switch on-off 
signal S S u and turn on S S o. S S v. and S S w- This 
allows the current to continue to flow for generating 
the rotating field to revolve the induction motor 3, 
although the zero-phase current flows. Alternatively, 

30 the neutral point of the primary winding of the 
induction motor 3 may be continuously connected 
to the center of the battery, and the zero-phase 
current can be controlled to 0 in the ordinary 
operation to improve the efficiency. 

35 This embodiment provides a simple control 

arrangement, without a plurality of inverters, which 
allows the electric vehicle to run at a low speed, 
with increased reliability. 

The embodiments of the present invention de- 

40 scribed thus far contain an induction motor 3 to 
drive the electric vehicle 1. The same principals 
can be applied, however, to embodiments driven 
by synchronous ac motors and dc motors. The 
limited maximum speed and the maximum torque 

45 can be made variable upon failure or depending on 
temperature. Moreover, although all of the embodi- 
ments described heretofore have a single motor, 
the invention can also be applied to an electric 
vehicle control system having one or more arrange- 

50 ments in which a plurality of inverters drive a single 
motor in an electric vehicle having a plurality of 
drive motors. 

As described so far, in the electric vehicle 
having the motor driven by the power converting 

55 means, the electric vehicle control system of the 
present invention having an addition feature ca- 
pable of moving the electric vehicle even upon 
failure of the power converting means, can accom- 
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plish a simple, highly reliable electric vehicle sys- 
tem. 

Although the invention has been described and 
illustrated in detail, it is to be clearly understood 
that the same is by way of illustration and example, 
and is not to be taken by way of limitation. The 
spirit and scope of the present invention are to be 
limited only by the terms of the appended claims. 

Claims 

1. Apparatus for controlling operation of an elec- 
tric motor comprising: 

at least two power converters coupled to 
provide electric power to said motor; 

a control unit for controlling said power 
converters to provide electric power concur- 
rently to said motor; and 

means for detecting a failure of any of said 
at least two power converters and for providing 
converter failure signals indicative thereof; 

said control unit including means for dis- 
abling any of said power converters in re- 
sponse to said converter failure signals. 

2. Apparatus according to claim 1, wherein said 
control unit comprises means for setting a 
power output of each of said power converters 
in response to a desired torque output of said 
motor. 

3. Apparatus according to claim 2, wherein said 
means for setting a power output of each of 
said power converters comprises: 

a torque command generation unit which 
determines a desired torque output of said 
motor and generates a motor torque command 
signal indicative thereof; 

a torque distribution unit which controls 
power output by each of said power converters 
in response to said motor torque command 
signals. 

4. Apparatus according to claim 3, wherein in the 
absence of a converter failure signal, said 
torque distribution unit causes each of said 
converters to operate at the same power out- 
put level, whereby total power provided to said 
motor causes it to produce the desired torque 
output. 

5. Apparatus according to claim 4, wherein when 
a power converter failure signal is provided by 
said means for detecting a failure, said control 
unit disables any of said power converters 
which has failed, and adjusts power output of 
power converters which have not failed, to 
provide said desired torque output. 



6. Apparatus according to claim 3, wherein said 
electric motor is coupled to drive a vehicle, 
said apparatus further comprising: 

means for detecting input operating sig- 
5 nals from a driver of said vehicle; 

said torque command generation unit com- 
prising means for receiving said operating sig- 
nals and for generating said motor torque com- 
mand signal in response thereto. 

w 

7. Apparatus according to claim 6, wherein said 
operating signals comprise at least one of an 
accelerator pedal position signal, a brake pedal 
position signal and a driving mode signal. 

75 

8. Apparatus according to claim 1, wherein said 
motor is a polyphase induction motor and 
wherein said power converters are polyphase 
DC-AC inverters coupled to provide polyphase 

20 electric current to said polyphase induction 

motor. 

9. Apparatus according to claim 8, wherein said 
polyphase induction motor has at least two 

25 primary windings, each of such primary win- 

dings being coupled to receive a polyphase 
electric current from a different one of said at 
least two power converters. 

30 10. Apparatus according to claim 8, wherein said 
polyphase induction motor has a single pri- 
mary winding, and each of said at least two 
power converters is coupled to provide a poly- 
phase electric current to said primary winding. 

35 

11. Apparatus according to claim 10, wherein said 
at least two power converters are each coupled 
to said primary winding of said induction motor 
by means of a reactance element. 

40 

12. Apparatus according to claim 1, wherein said 
control unit further comprises: 

means for generating a motor torque com- 
mand indicative of a desired level of output 
45 torque from said motor; and 

means for controlling power output of said 
power converters so that total power provided 
to said motor generates said desired output 
torque level. 

50 

13. Apparatus according to claim 3, wherein said 
control unit further comprises: 

means for comparing said desired torque 
output of said motor with a predetermined 
55 maximum torque output; and 

means for comparing speed of said motor 
with a predetermined maximum speed value. 
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14. Apparatus according to claim 13, wherein said 
control unit further comprises: 

means for setting an output torque limiting 
value when motor speed exceeds said maxi- 
mum speed value. 5 

15. Apparatus according to claim 14, wherein said 
torque limiting value is zero. 

16. Apparatus according to claim 14, wherein said 10 
torque limiting value is negative. 

17. Apparatus according to claim 13, wherein said 
control unit further comprises: 

means for setting a torque limit value 15 
equal to said maximum torque output when 
said desired torque is greater than said maxi- 
mum torque output. 

18. Apparatus according to claim 1, wherein said 20 
control unit further comprises: 

means for enabling an alarm signal in re- 
sponse to power converter failure signals indi- 
cative of failure of all of said power converters. 

25 

19. Apparatus according to claim 13, wherein said 
control unit comprises means for setting both 
of said maximum torque output and said maxi- 
mum speed value equal to zero in response to 
converter failure signals indicative of failure of 30 
all of said power converters. 

20. Apparatus according to claim 13, wherein said 
control unit comprises means for displaying 
maximum motor output information to an oper- 35 
ator of said motor in response to converter 
failure signals indicative of failure of at least 
one of said power converters. 

21. Apparatus according to claim 3, further com- 40 



prising: 

at least two temperature detectors, each of 
said power converters having a different one of 
said temperature detectors coupled to detect 
temperature thereof; and 

wherein said control unit comprises means 
for operating only one of said inverters having 
lowest detected temperature among all of said 
power converters when said desired torque 



output for said motor. 

23. Apparatus according to claim 1, further com- 
prising: 

an output torque detector for detecting out- 
put torque of said motor; and 

means for disabling said power inverters 
when detected output torque of said motor 
exceeds a predetermined maximum value. 

24. Apparatus according to claim 3, comprising: 
at least three power converters; and 
at least three temperature detectors, each 

of said power converters having a different one 
of said temperature detectors coupled to de- 
tect temperature thereof; 

wherein said control unit comprises means 
for operating only one of said power converters 
having lowest detected temperature when said 
desired torque output is less than a first 
threshold limit, for operating two of said power 
converters having lowest detected tempera- 
tures when said desired torque output is great- 
er than said first threshold limit and less than a 
second threshold limit, and for operating all 
three of said power converters when said de- 
sired torque is greater than said second 
threshold limit. 

25. Apparatus according to claim 24, wherein said 
first and second threshold limits are variable, 
and decrease with increasing motor speed. 

26. Apparatus according to claim 1, wherein: 
said motor has a primary winding which 

comprises at least three electrically indepen- 
dent phase windings; and 

wherein said at least two power converters 
comprise at least three single phase DC-AC 
inverters, each of said inverters being coupled 
to provide a field current to a different one of 
said phase windings. 

27. Apparatus according to claim 26, wherein said 
45 motor is a three phase induction motor having 

three electrically independent phase windings. 

28. Apparatus according to claim 26, wherein said 
control unit comprises: 

a torque command generation unit which 
determines a desired torque output of said 
motor and generates a motor torque command 
signal indicative thereof; and 

a torque control unit coupled to receive 
said torque command signal and to generate 
current commands for each of said phase win- 
dings of said motor; and 

at least three phase current control units 



output is less than a predetermined threshold 50 
level. 

22. Apparatus according to claim 21, wherein num- 
ber of said power converters is two, and 
wherein said means for operating disables one 55 
of said power converters having a higher de- 
tected temperature when said desired torque 
output is less than half of a maximum torque 
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coupled to receive said current commands and 
to output signals to control respective ones of 
said single phase inverters. 

29. Apparatus according to claim 28, wherein said 
single phase DC-AC inverters are all coupled 
to receive electric power from a single DC 
power supply. 

30. Apparatus according to claim 29, wherein each 
of said DC-AC inverters comprises a single 
phase main bridge circuit having four electric 
power switching devices. 

31. Apparatus according to claim 28, wherein each 
of said single phase DC-AC inverters has a 
separate DC power supply coupled to supply 
electric power thereto. 

32. Apparatus according to claim 31, wherein each 
of said DC-AC inverters comprises a single 
phase main bridge circuit having two electric 
power switching devices, and two capacitors 
coupled in parallel thereto. 

33. Apparatus for controlling operation of an elec- 
tric motor having a primary winding which 
comprises at least three phase windings, each 
of said phase windings being connected to a 
common neutral point, said apparatus compris- 
ing: 

a power converter coupled to provided 
multiphase electric current to said motor, one 
such phase being coupled to each phase wind- 
ing of said motor; 

means for detecting a failure of any of said 
phase windings of said motor and for providing 
a phase failure signal indicative thereof; 

a control unit for controlling said power 
converter, said control unit including means for 
generating a disabling signal for disabling any 
of said phase windings in response to a phase 
failure signal indicative of a failure thereof; and 

a switching unit comprising a plurality of 
switch elements coupling said phases of said 
multiphase electric current from said power 
converter to said phase windings of said mo- 
tor, each of said switch elements being re- 
sponsive to said disabling signal to disable one 
of said phase windings in response to failure 
thereof. 

34. Apparatus according to claim 33, wherein said 
switching unit further comprises: 

a switch element operative to couple said 
neutral point to ground when any of said phase 
windings is disabled. 



35. Apparatus according to claim 33, wherein: 

said neutral point is continuously connect- 
ed to ground; and 

said control unit includes means for adjust- 
s ing said neutral phase current to zero when 

any of said phase windings is disabled. 

36. Method of controlling an electric motor com- 
prising the steps of: 

10 providing at least two power converter 

units coupled to provide electric power to said 
motor; 

operating said power converters to concur- 
rently provide electric power to said motor; 
;s detecting a failure of any of said power 

converters and providing converter failure sig- 
nals indicate thereof; and 

disabling any of said power converters in 
response to said converter failure signal. 

20 

37. Method according to claim 36, wherein said 
operating step comprises: 

determining a desired torque output from 
said motor; and 
25 controlling power output of each of said 

power converters which has not been disabled 
to achieve said desired torque output. 

38. Control system for controlling an electric ve- 
30 hide powered by an electric motor, said con- 
trol system comprising: 

at least two power converters coupled to 
provide electric power to said electric motor; 
a control unit for controlling said power 

35 converters to provide electric power concur- 

rently to said electric motor; and 

meas for detecting a failure of any of said 
at least two power converters and for providing 
converter failure signals indicative thereof; 

40 said control unit including means for dis- 

abling any of said power converters in re- 
sponse to said converter failure signals, and 
for adjusting power output of at least one re- 
maining power converter other than a disabled 

45 power converter in response to said converter 

signals. 

39. Control system according to claims 38, 
wherein said control unit comprises: 

50 at least one input for receiving desired 

operating parameters from an operator of said 
electric vehicle; 

a torque command generation unit for gen- 
erating a desired torque output signal in re- 

55 sponse to said desired operating parameters; 

and 

a torque distribution unit which adjusts 
power output of said at least one remaining 
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power converter other than a disabled power 
converter, to a level which maintains total pow- 
er provided to said electric motor at a level 
corresponding to said desired torque output 
signal. 

40. Control system according to claims 39, 
wherein in the absence of a converter failure 
signal, said torque distribution unit causes 
each of said converters to operate at the same 
power output level, whereby total power pro- 
vided to said electric motor causes it to pro- 
duce said desired torque output. 



70 



nals indicative thereof; and 

disabling any of said power converters in 
response to said converter failure signal. 

47. Method according to claim 46, wherein said 
operating step comprises: 

determining a desired torque output from 
said electric motor; and 

controlling power output of each of said 
power converters which has not been disabled 
to achieve said desired torque output. 



41. Control system according to claims 40, 75 
wherein said at least one input comprises a 
brake pedal sensor for sensing a position of a 
brake pedal of said electric vehicle and an 
accelerator pedal sensor for sensing a position 

of an accelerator pedal of said electric vehicle. 20 

42. Control system according to claims 38, 
wherein said electric motor is polyphase induc- 
tion motor and wherein said power converters 

are polyphase DC-AC inverters coupled to pro- 25 
vide polyphase electric current to said poly- 
phase induction motor. 



43. Control system according to claims 42, 
wherein said polyphase induction motor has at 30 
least two primary windings, each of such pri- 
mary windings being coupled to receive a 
polyphase electric current from a different one 

of said at least two power converters. 

35 

44. Control system according to claims 42, 
wherein said polyphase induction motor has a 
single primary winding, and each of said at 
least two power converters is coupled to pro- 
vide a polyphase electric current to said pri- 40 
mary winding. 



45. Control system according to claims 44, 
wherein said at least two converters are each 
coupled to said primary winding of said indue- 45 
tion motor by means of a reactance element. 



46. Method of controlling an electric vehicle 
powered by an electric motor, and method 
comprising the steps of: 50 

providing at least two power converter 
units coupled to provide electric power to said 
electric motor; 

operating said power converters to concur- 
rently provide electric power to said electric 55 
motor; 

detecting a failure of any of said power 
converters and providing converter failure sig- 
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